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Deﬁcits in multiple-object tracking have previously been reported in both the amblyopic and the clini-
cally unaffected fellow eye of patients with amblyopia. We examined the neural correlates of this deﬁcit
using functional MRI. Attentive tracking of 1, 2 or 4 moving targets was compared to passive viewing and
to baseline ﬁxation in an amblyopic group and an age-matched control group in six regions of interest:
V1, middle temporal complex (MT+), superior parietal lobule (SPL), frontal eye ﬁelds (FEF), anterior intra-
parietal sulcus (IPS), and posterior IPS. Activation in all regions of interest, except V1, increased with
attentional load in both groups. MT+ was less active in both eyes of the amblyopic group relative to con-
trols for passive viewing and each of the tracking conditions. Anterior IPS and FEF were less active with
amblyopic eye viewing when tracking four targets. These results implicate both the low-level passive and
high-level active motion systems in the multiple-object tracking deﬁcit in amblyopia.
 2011 Elsevier Ltd. All rights reserved.1. Introduction
Amblyopia is a developmental disorder characterized by re-
duced visual acuity in an otherwise healthy eye that cannot be
optically corrected. In unilateral amblyopia, the other (fellow)
eye has normal visual acuity, and is clinically considered to be
unaffected. Psychophysical evidence has shown deﬁcits in aspects
of form perception beyond simple visual acuity (reviewed in Asper,
Crewther, & Crewther, 2000; Levi, 2006) and in motion perception
(Aaen-Stockdale & Hess, 2008; Aaen-Stockdale, Ledgeway, & Hess,
2007; Buckingham et al., 1991; Ellemberg et al., 2002; Giaschi
et al., 1992; Hayward, Truong, Partanen, & Giaschi, 2011; Hess,
Demanins, & Bex, 1997; Ho & Giaschi, 2006, 2007; Ho et al.,
2005, 2006; Kelly & Buckingham, 1998; Simmers et al., 2003,
2006). Additional psychophysical deﬁcits have been found for
high-level tasks requiring attentive processing, including object
enumeration (Sharma, Levi, & Klein, 2000), the attentional blink
(Asper, Crewther, & Crewther, 2003; Popple & Levi, 2008), and mul-
tiple-object tracking (Ho et al., 2006; Tripathy & Levi, 2008). Some
of the deﬁcits involving moving stimuli have been noted with both
amblyopic and fellow eye viewing (Giaschi et al., 1992; Ho et al.,
2005, 2006; Simmers et al., 2003).
The form perception deﬁcits in amblyopia have been linked to
cortical deﬁcits in V1 and extra-striate regions of the ventral
stream (Barnes et al., 2001; Barrett, Bradley, & McGraw, 2004; Choi
et al., 2001; Conner et al., 2007; Goodyear et al., 2000; Lerner et al.,ll rights reserved.
jculham@uwo.ca (J. Culham),
iaschi).2003, 2006; Li et al., 2007; Muckli et al., 2006). Motion perception
deﬁcits imply atypical processing within the dorsal stream, which
includes motion-sensitive extra-striate areas V3A (Tootell, Tsao, &
Vanduffel, 2003; Tootell et al., 1997), the middle temporal complex
(MT+) (Tootell et al., 1995; Zeki et al., 1991) and the posterior pari-
etal cortex (PPC) (Dupont et al., 1994; Orban et al., 1999, 2006;
Sunaert et al., 1999). In normal subjects, higher-level processing
has also been linked to the parts of the dorsal stream including
PPC (Culham et al., 1998 [attentive tracking]; Marios, Chun, & Gore,
2000 [attentional blink]; Sathian et al., 1999 [enumeration]). Only
a few neuroimaging studies have looked at dorsal stream dysfunc-
tion during motion processing in amblyopia. Passive viewing of
expanding/contracting rings produced less activation in MT+ in
participants with amblyopia, relative to controls (Bonhomme
et al., 2006). Direction discrimination of high-level random-dot
kinematograms produced less activation, relative to a control
group, in V3A, MT+ and PPC in both eyes of children with amblyo-
pia (Ho & Giaschi, 2009). The focus of the current study was to
investigate dorsal stream involvement in the multiple-object
tracking deﬁcit previously reported in amblyopia (Ho et al., 2006).
In a typical multiple-object tracking task (Pylyshyn & Storm,
1988), attention is used to track cued moving targets among mov-
ing distractors. Up to ﬁve targets can be tracked with normal vi-
sion, but the task becomes increasingly difﬁcult as the number of
targets increases. When asked to track one to four of eight moving
items, children with amblyopia performed worse, relative to con-
trol children, at every tracking condition and with either eye (Ho
et al., 2006). The deﬁcit in task accuracy between the groups in-
creased as the attentional load (number of target items) increased.
In a modiﬁed version of the task, in which multiple dot trajectories
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the fellow eye (Levi & Tripathy, 2006; Tripathy & Levi, 2008).
Cavanagh (1992) proposed that humans have a high-level mo-
tion system that is mediated by visual attention and activated by
the attentive tracking of moving, visible stimuli. In contrast, the
low-level motion system has been linked to the directionally-
selective neurons of V1 and MT+ that can function passively with-
out reliance on visual attention. This model of human motion per-
ception is supported by the ﬁnding that patients with deﬁcits in
selective spatial attention due to PPC lesions also show deﬁcits in
multiple-object tracking but not low-level motion perception
(Battelli et al., 2001).
A cortical network including parietal (anterior intraparietal sul-
cus [aIPS]; posterior intraparietal sulcus [pIPS]; superior parietal
lobule [SPL]), frontal (frontal eye ﬁelds [FEF]) and occipito-tempo-
ral (MT+) regions is normally active during multiple-object track-
ing (Culham, Cavanagh, & Kanwisher, 2001; Culham et al., 1998;
Howe et al., 2009; Jovicich et al., 2001). Moreover, many dorsal
stream areas, including aIPS, showed activation levels that scaled
monotonically with the number of targets tracked (Culham et al.,
1998; Jovicich et al., 2001). MT+ showed weak load-dependent
activation. In contrast, two areas, the FEF and SPL showed task-
but not load-dependent activation, with the same increase in the
blood oxygenation level dependent (BOLD) signal relative to pas-
sive viewing regardless of the number of targets tracked. The ﬁnd-
ings for the pIPS were inconsistent across studies.
Howe et al. (2009) proposed a functional connectivity model of
how these regions might interact. The core of the model is the aIPS
which is responsible for actively tracking targets as they move.
This region connects with the SPL for the planning of saccades
(Doricchi et al., 1997) and also with the FEF for the suppression
of eye movements (Burman & Bruce, 1997). aIPS also connects with
MT+, which is hypothesized to be responsible for updating the
locations of the moving items. MT+ connects with pIPS, which is
proposed to be involved in indexing which items were targets. A
psychophysical deﬁcit in multiple-object tracking could be due to
dysfunction in any part of this network.
The objective of this studywas todetermine the neural correlates
of themultiple-object tracking deﬁcit in amblyopia using functional
MRI. Behavioral responses were recorded in the scanner to conﬁrm
the presence of a psychophysical deﬁcit in the amblyopic partici-
pants and to allow for correlational analysis of BOLD responseswith
the behavioral data. We hypothesized that group activation differ-
enceswould exist in (a)MT+, given the prior neuroimaging evidence
implicating this region in amblyopia (Bonhomme et al., 2006; Ho &
Giaschi, 2009), and in (b) aIPS, given the load dependency of the
psychophysical deﬁcit in amblyopia (Ho et al., 2006) and the cortical
activation reported in normal observers in this brain region (Culham
et al., 1998; Jovicich et al., 2001).2. Methods
The study was approved by the University of British Columbia’s
Clinical Research Ethics Board. Informed consent and/or assent was
obtained from all participants and from the parents of participants
under the age of 18 years.1 The ﬁlters provided dissociation of the eyes required for monocular stimulus
viewing, but made it impossible for eye movements to be recorded during the
scanning session.2.1. Participants
2.1.1. Control group
Seven volunteers with normal vision were recruited from the
community (mean age = 20.06, range 9–37 years). Visual acuity
(VA) was assessed using the Regan high-contrast letter chart
(Regan, 1988). A corrected decimal VA (DVA) of at least 1.0 was
required for inclusion. Stereoacuity was assessed using the RandotCircles test (Stereo Optical Co. Inc.). A stereoacuity of 40 s of arc or
better was required for inclusion. No participant had a history of
ocular disease or other abnormal development.
2.1.2. Amblyopic group
Seven volunteers with a history of treated, unilateral amblyopia
were recruited from the Department of Ophthalmology at BC Chil-
dren’s Hospital or from the clinic of author CH (mean age = 20.45,
range 9–36 years). The clinical details of the participants are sum-
marized in Table 1. Unilateral amblyopia was deﬁned in this study
as: (1) a clinically-documented history of strabismic and/or aniso-
metropic amblyopia; (2) an inter-ocular difference in decimal VA
of at least 0.2 at the time of testing; and (3) no history of eccentric
ﬁxation, nystagmus or oculomotor dysfunction with the exception
of strabismus.
2.2. Pre-scan
One week prior to the MRI session, each participant completed a
90 min training session in a mock scanner at BC Children’s Hospi-
tal. Eye movements were monitored with a Sony HandyCam video
camera to ensure participants were not making saccadic or smooth
pursuit movements during tracking. All 14 participants were able
to maintain ﬁxation during the tracking period.
2.3. Functional MRI
2.3.1. Data acquisition
A Philips Gyroscan Intera 3 Tesla MRI scanner with a 8-channel
phased array head coil was used to acquire MRI data (sensitivity-
encoded, SENSE). At the beginning of each scanning session a
high-resolution anatomic whole brain image was collected with a
T1-weighted scan (ﬁeld of view, FOV: 256 mm; matrix: 256 
256; voxel size: 1  1  1 mm). Echo-planar imagingwas then used
to collect functional data in ﬁve T2⁄-weighted scans (time to echo,
TE = 30 ms; repetition time, TR = 2000 ms; FOV = 240 mm, 80 
80 mm acquisition matrix; 128  128 mm reconstruction matrix;
slice thickness 3 mm with 1 mm inter-slice gap; 1.88  1.88
 3 mm voxel size.
2.3.2. Visual stimuli and experimental design
The scanning session lasted approximately 1 h. Visual stimuli
were back-projected with a liquid crystal display (LCD) projector
onto a screen, 53 cm behind the participant’s head, and viewed
through a mirror that was 15 cm from the participant’s eyes. To
achieve monocular stimulation, equiluminant red and green ﬁlters
(Bernell Vision Training Products Inc., Mishawaka, IN, USA) were
placed in an MRI-compatible frame with the position of the red
ﬁlter counterbalanced between the two eyes.1 For participants
requiring refractive correction, either contact lenses or MRI-compat-
ible prescription lenses were worn under the red–green ﬁlters. Red
and green ﬁlters identical to those worn by the participant were
placed over the projector lens, and changed throughout the scan,
to allow for monocular testing. The eye tested ﬁrst was randomly
varied across participants. One scanning session comprised four runs
(two per eye) of a multiple-object tracking task and one run of a MT+
localizer task. Participant responses were obtained using a ﬁber-op-
tic response system (Lumitouch).
The multiple-object tracking paradigm was adapted from
Culham et al. (1998; Fig. 1). One 296 s run contained 3 cycles of four
trials each (track 0, track 1, track 2 and track 4 items) with the trials
presented in pseudorandom order across the cycles. The 16 s trials
Table 1
Clinical details of participants with amblyopia.
Age Sex OD DVA OS DVA SA OD refraction OS refraction Diagnosis Ocular deviation
9.2a M 0.28 0.85 400 +3.75  1.75  010 +2.25  1.75  162 OD A –
19.7 M 1.00 1.20 60 4.00  1.00  170 5.00  0.75  170 OD S Intermittent right 15D exotropia
25.1 M 0.93 0.68 800 0.25  0.50  180 3.25  0.50  180 OS A + S Strabismus surgery
9.8a M 1.28 0.88 60 Plano +4.00 OS A –
35.9 M 0.45 1.40 800 Plano Plano OD S Alternating 10D esotropia
20.2 F 0.22 0.88 100 2.00  1.00  007 0.5  0.75  020 OD A –
23.2 F 0.80 1.00 100 +4.00  0.75  080 +4.00  0.5  090 OD S Intermittent 30D right esotropia
OD = right eye; OS = left eye; DVA = decimal visual acuity; SA = stereoacuity (sec of arc); refraction: top = sphere (diopters); bottom = cylinder (diopters x axis); A = aniso-
metropic amblyopia; S = strabismic amblyopia; A + S = aniso-strabismic amblyopia; D = prism dioptres.
a Participants whose functional MRI data were excluded due to motion artifact.
Fig. 1. (a) Participants were instructed to ﬁxate on a central white dot (0.5) throughout the trial. Nine balls (1 diameter) moving at 6 deg/s appeared on the screen. (b) A
subset of the balls (0, 1, 2 or 4) were cued as targets with a white ring for 2 s. (c) The targets were tracked using attention for 12 s. (d) The balls stopped moving, and one was
highlighted. The participant indicated with the response pad whether or not the highlighted ball was one of the tracked targets. The highlighted ball was a target ball on 50%
of the trials.
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ﬁxation period designed to maximize the event-related response.
Each run started and ended with a 16 s ﬁxation period.
Area MT+ was localized using blocks of radially moving
(2.5 deg/s) gray dots on a black background (0.2 diameter,
0.9 dots/deg2 density) alternated with blocks of stationary dots
every 14 s for a total run time of 168 s (Giaschi et al., 2007). Within
the motion blocks, the direction of motion alternated between in-
ward and outward every 1.75 s. Participants viewed this stimulus
passively and were instructed to ﬁxate on a cross in the center of
the screen.2.4. Data analysis
2.4.1. Behavioral data
The proportion of correct responses out of 6 was determined for
each eye for each tracking conditions in which a target was present
(track 1, track 2, and track 4). Accuracy was corrected for guessing
using the formula (Ho et al., 2006):
Accuracy ¼ 100  ðp n=tÞ=ð1 n=tÞ
where p is the proportion of correct responses, n the number of
targets (1, 2 or 4), and t is the total number of balls (9).
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measures analysis of variance (ANOVA) with one between factor
(group: control, amblyopia), and two within factors (target numer-
osity: one, two, four; viewing eye: fellow, amblyopic). Data from
the amblyopic eyes were age-matched to ﬁve right eyes and two
left eyes from the control group, because there were ﬁve right
and two left amblyopic eyes. In turn, data from the fellow eyes
were age-matched to the remaining ﬁve left and two right eyes
from the control group.
2.4.2. Functional MRI
Data pre-processing and functional MRI statistical analyses
were conducted with Brain Voyager QX (Brain Innovation). Prior
to analysis, inter-slice time differences were removed from the
data with an algorithm involving linear interpolation over time.
All volumes were then corrected for small translational and rota-
tional head movements by aligning to the ﬁrst volume of each
run using a nine-parameter rigid-body intensity-based algorithm
with tri-linear interpolation across eight neighboring voxels. Tem-
poral high-pass ﬁltering (3 cycles/run) was used to eliminate tem-
poral drifts from the data. A functional run was excluded from
further analysis if translational movements greater than 1 mm in
the x (left to right), y (anterior to posterior) or z (superior to infe-
rior) or rotational movements greater than 1 in the x, y or z direc-
tions were made. Data from the four youngest participants (two
controls, two with amblyopia) did not meet this requirement.
There was no signiﬁcant difference in age between the reduced
groups and homogeneity of variance was preserved. For the
remaining ten participants, the two runs for each eye were aver-
aged together resulting in one functional dataset for each eye. Both
anatomic and functional data were spatially normalized to stereo-
taxic space (Talairach & Tournoux, 1988).
For every participant, a single-subject general linear model
(GLM) was used to determine whole-brain, voxel-wise activity.Fig. 2. Sample activation map from one representative subject showing the six ROIs on a
gyri in light blue): FEF in the frontal lobe; AIPS, PIPS and SPL in the posterior parietal cort
cortex. Yellow–orange colors represent brain regions more activated during the four con
the references to color in this ﬁgure legend, the reader is referred to the web version ofThe four predictors for multiple-object tracking (track 0, track 1,
track 2, and track 4) were derived by convolution of a box-car func-
tion with the BrainVoyager default hemodynamic response func-
tion (double-gamma function model; Friston et al., 1998). For
each eye, maps of the t-statistic were created by contrasting all
four conditions (track 0, track 1, track 2, track 4) against the
ﬁxation baseline, with a Bonferroni correction for multiple com-
parisons (p < .05, corrected). A cluster threshold of 50 mm3 was
employed. These maps were used to deﬁne ﬁve regions of interest
(ROIs: aIPS, pIPS, SPL, FEF, and V1). A second model was applied to
the MT+ localizer data, with one predictor (motion) deﬁning the
MT+ ROI.
MT+ was deﬁned as the cluster of contiguous activated voxels at
the junction of the posterior continuation of the inferior temporal
sulcus and the ascending limb of the inferior temporal sulcus
(Dumoulin et al., 2000). The frontal eye ﬁelds were deﬁned around
the junction of the pre-central sulcus and the superior frontal
sulcus (Culham et al., 1998). aIPS was located at the junction of
the IPS and the post-central sulcus; pIPS was located at the junc-
tion of the intraparietal sulcus with the transverse occipital sulcus
(Culham et al., 1998; Howe et al., 2009; Jovicich et al., 2001). The
SPL was centered on the superior parietal sulcus between the intra-
parietal sulcus and the inter-hemispheric ﬁssure (Ono, Kubik, &
Abernathey, 1990).
ROIs were deﬁned according to the model used by Howe et al.
(2009), in order to avoid the problemof non-independence. For each
participant, the average activation of the other nine participants
was used to identify peak voxels of activation for all ROI locations.
That is, a participant’s own activation was not used to guide the
location of the ROI, ensuring ROI locations were deﬁned indepen-
dently from the whole-brain analysis in which theywere identiﬁed.
All ROIs were centered on the peak voxel of activation in both hemi-
spheres, using the individual’s anatomic image to conﬁrm the loca-
tion of the ROI. Similar to the size in the Howe et al. (2009) study,postero-lateral view of the right hemisphere (inﬂated to show sulci in dark gray and
ex; MT+ at the parieto–occipito-temporal junction; putative V1 in posterior occipital
ditions (track 0, track 1, track 2, and track 4) than for ﬁxation. (For interpretation of
this article.)
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in V1 (Fig. 2) where the ROI was a 20 mm  20 mm  20 mm cube
to encompass the posterior calcarine sulcus in both hemispheres.
Note that after the ROI cubes were placed, we conﬁrmed that they
overlapped with the peak voxel of the participant’s activation.
For each condition (track 0, track 1, track 2, track 4), an epoch
time course was extracted from each of the six ROIs to examine
the average BOLD signal change (relative to ﬁxation) in 1-s win-
dows across the 12 s of tracking. A one-between (group: control,
amblyopia), two-within (target numerosity: 0, 1, 2, 4; viewing
eye: fellow, amblyopic) repeated-measures ANOVA was applied
to these data in each ROI. Data from the four right and one left
amblyopic eyes were matched to four right and one left control
eyes, as described above.
Bonferroni post-hoc testing was used to classify the activation
proﬁle in a particular region as task-dependent if the BOLD signal
increased by the same amount, relative to passive viewing, regard-
less of the number of targets tracked. The activation proﬁle was
described as load-dependent if the BOLD signal continued to in-
crease, relative to passive viewing, as the number of tracked
targets increased.
3. Results
3.1. Behavioral data
The three-way repeated-measures ANOVA on accuracy data re-
vealed signiﬁcant main effects of target numerosity
(F(2,24) = 15.44, p < .01) and group (F(1,12) = 8.80, p = .01), but
not viewing eye (F(1,12) = .40, p > .05). The effect sizes were large
for target numerosity (g2 = .56) and group (g2 = .42), and small for
viewing eye (g2 = .02). There were no signiﬁcant interactions.
Accuracy scores were higher for the control group than for the
amblyopia group in all tracking conditions (Fig. 3).
3.2. Functional MRI data
3.2.1. MT+
BOLD signal change in MT+ was averaged across the four condi-
tions and plotted as a function of time (Fig. 4a). The groups were
similar in activation across the ﬁrst 4 s of tracking. Between 7
and 12 s after tracking began, the BOLD signal was higher for con-
trol eye viewing than for both fellow and amblyopic eye viewing.
Whereas the BOLD signal linearly increased with time for the con-
trol group (slopes = .10, both eyes), the BOLD signal appeared to le-
vel off after 6 s of tracking for the amblyopia group (slopes = .01,
both eyes). This group difference after 6 s of tracking was observed
in each of the four conditions (Fig. 4b–e). Given the lack of a groupFig. 3. Group accuracy means on the multiple-object tracking task. Control eye 1
means were compared to the fellow eyes, while control eye 2 means were
compared to the amblyopic eyes in this and all subsequent graphs. Error bars
represent standard errors.difference before 6 s, further analyses on MT+ were restricted to
the last 6 s of tracking to avoid dilution of any group effects.
Fig. 5 demonstrates the BOLD signal change averaged across the
last 6 s of tracking as a function of target numerosity. These means
were higher in the control group for all four conditions. ANOVA
testing conducted on MT+ activation in the last 6 s of tracking
showed signiﬁcant main effects of target numerosity
(F(1.34,10.71) = 15.36, p < .01, g2p ¼ :66) and group (F(1,8) = 5.78,
p = .04, g2p ¼ :42). Both of these effect sizes were large. Bonferroni
post-hoc testing revealed an increase in BOLD signal change in
the three tracking conditions relative to passive viewing
(Xtrack4  Xtrack0 = .32, p = .03, 95% C.I.’s = .002–.67; Xtrack2 
Xtrack0 = .32, p = .05, 95% C.I.’s = .03–.62), suggesting a task-depen-
dent activation proﬁle.
3.2.2. aIPS
BOLD signal change in the aIPS region was averaged across the
four conditions and plotted as a function of time (Fig. 6a). Unlike
the MT+ results, the groups were similar in activation at each of
the 12 s of tracking, therefore further analyses were performed
on the full time course. Fig. 6b demonstrates the BOLD signal
change averaged across the 12 s of tracking as a function of target
numerosity. A signiﬁcant 3-way interaction was found between
target numerosity, viewing eye, and group (F(3,24) = 3.68, p = .03,
g2p ¼ :31). Simple effects testing of the group  viewing eye inter-
action at each numerosity condition revealed a signiﬁcant interac-
tion in the track 4 condition only (F(1,8) = 6.18, p = .04, g2p ¼ :44).
This 2-way interaction was driven by a viewing eye difference in
the amblyopic group only (Xfelloweye  Xamblyopic eye = .19, p < .001,
95% C.I.’s = .04–.29); activation from fellow eye viewing was simi-
lar to that of controls. Bonferroni post-hoc tests revealed an in-
crease in BOLD signal change with attentional load
(Xtrack4  Xtrack2 = .19, p = .04, 95% C.I.’s = .07–.31; Xtrack4 
Xtrack1 = .29, p = .01, 95% C.I.’s = .14–.44; Xtrack4  Xtrack 0 = .40,
p = .02, 95% C.I.’s = .18–.61; Xtrack2  Xtrack0 = .1, p = .05, 95%
C.I.’s = .10–.19), suggesting a load-dependent activation proﬁle.
3.2.3. FEF
BOLD signal change in the FEF was averaged across the four
conditions and plotted as a function of time (Fig. 6c). Unlike the
MT+ results, the groups showed similar activation at each of the
12 s of tracking, therefore further analyses were performed on
the full time course. Fig. 6d demonstrates the BOLD signal change
averaged across the 12 s of tracking as a function of target numer-
osity. A signiﬁcant 3-way interaction was found between target
numerosity, viewing eye and group (F(3,24) = 3.89, p = .02,
g2p ¼ :33). Simple effects testing of the group  viewing eye inter-
action at each numerosity condition revealed a signiﬁcant interac-
tion in the track 4 condition only (F(1,8) = 7.71, p = .02, g2p ¼ :49).
This 2-way interaction was driven by an eye difference in the
amblyopic group only (Xfelloweye  Xamblyopic eye = .33, p = .01, 95%
C.I.’s = .12–.53); activation with fellow eye viewing was similar to
that of controls. Bonferroni post-hoc testing revealed an increase
in BOLD signal change in the three tracking conditions relative to
passive viewing (Xtrack4  Xtrack0 = .37, p = .01, 95% C.I.’s = .04–.7;
Xtrack2  Xtrack0 = .03, 95% C.I.’s = .09–.74; Xtrack1  Xtrack0 = .27,
p = .05, 95% C.I.’s = .01–.53), suggesting a task-dependent activation
proﬁle.
3.2.4. SPL
BOLD signal change in SPL was averaged across the four
conditions and plotted as a function of time (Fig. 7a). Unlike the
MT+ results, both groups had similar activation across 12 s of
tracking, therefore further analyses were performed on the full
time course. Fig. 7b demonstrates the BOLD signal change averaged
across the 12 s of tracking as a function of target numerosity.
Fig. 4. BOLD signal change as a function of time in MT+. (a) BOLD signal change averaged across all four conditions, (b) BOLD signal change for passive viewing (track 0), (c)
BOLD signal change for tracking 1 ball, (d) BOLD signal change for tracking 2 balls, (e) BOLD signal change for tracking 4 balls. After 6 s of tracking, BOLD signal change
continued to increase for the control group, but did not increase further for the amblyopia group in all four conditions and with viewing through either eye.
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osity (F(2.69,11.83) = 31.39, p < .001, g2p ¼ :57), but not group
(F(1,8) = .09, p > .05, g2p ¼ :12) or viewing eye (F(1,8) = 1.35,
p > .05, g2p ¼ :08). The effect sizes were large, medium, and small
respectively. Bonferroni post-hoc testing revealed an increase in
BOLD signal change in the three tracking conditions relative to
passive viewing (Xtrack4  Xtrack 0 = .48, p = .01, 95% C.I.’s = .26–.70;
Xtrack2  Xtrack 0 = .57, p < .01, 95% C.I.’s = .16–.96), suggesting a
task-dependent activation proﬁle.Fig. 5. BOLD signal change averaged across the last 6 s of tracking in MT+. BOLD
signal means were lower in the amblyopia group relative to the control group.3.2.5. pIPS
BOLD signal change in pIPS was averaged across the four condi-
tions and plotted as a function of time (Fig. 7c). Unlike the MT+ re-
sults, both groups had similar activation at each of the 12 s of
tracking, therefore further analyses were performed on the full
time course. Fig. 7d demonstrates the BOLD signal change averaged
Fig. 6. BOLD signal change as a function of time and target numerosity in aIPS and FEF regions. There were no group differences over time (a and c). Activation was lower with
amblyopic eye viewing, relative to fellow eye and control eye viewing, in the track 4 condition only (b and d).
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OVA testing revealed a signiﬁcant main effect of target numerosity
(F(1.77,14.14) = 8.11, p = .001, g2p ¼ :50), with no effect of group
(F(1,8) = .01, p > .05, g2p ¼ 0) or viewing eye (F(1,8) = .65, p > .05,
g2p ¼ :03). No signiﬁcant interactions were found. The effect sizes
were large for target numerosity and small for viewing eye. There
was no effect size for group. Bonferroni post-hoc testing revealed
an increase in BOLD signal change in the three tracking conditions
relative to passive viewing (Xtrack2  Xtrack 0 = .27, p = .03, 95%
C.I.’s = .05–.49; Xtrack4  Xtrack 0 = .31, p = .03, 95% C.I.’s = .06–.56),
suggesting a task-dependent activation proﬁle.
3.2.6. Putative V1
No signiﬁcant differences in the BOLD signal change means
were found at any of the 12 time points (Fig. 7e), nor were there
were main effects of target numerosity, group or viewing eye in
area V1 (Fig. 7f).
3.2.7. Correlations
No meaningful correlations were found between the behavioral
deﬁcit in the track 4 condition and the BOLD signal change in MT+
or aIPS in the amblyopia group (p > .05).
4. Discussion
4.1. Summary of ﬁndings
This study is the ﬁrst to report atypical cortical processing
within the dorsal visual stream of the amblyopic visual system
during a multiple-object tracking task. MT+ was less active during
passive viewing and each of the three tracking conditions. Subtledifferences in aIPS and FEF activation were found for viewing
through the amblyopic eye only when tracking four targets. To-
gether these ﬁndings implicate abnormal visual processing for
both low-level and high-level motion systems in amblyopia.
4.2. Behavioral ﬁndings
The behavioral ﬁndings in this experiment replicate our pre-
vious psychophysical deﬁcit in multiple-object tracking found
in a younger group of participants with amblyopia (Ho et al.,
2006): attentive tracking was poorer in the amblyopia group rel-
ative to the control group in all three tracking conditions in both
eyes.
Attentional resolution is limited by spatial (Shim, Alvarez, &
Jiang, 2008) and temporal factors (Alvarez & Franconeri, 2007;
Verstraten, Cavanagh, & Labianca, 2000). Recent evidence has
shown spatial factors such as the distance between objects, and
not temporal factors such as speed, were to be the best predictors
of multiple-object tracking accuracy (Franconeri, Jonathan, &
Scimeca, 2010). Cavanagh and Alvarez (2005) suggested that each
target, in a multiple-object tracking task, is tracked by an indepen-
dent spotlight of attention. As the number of targets increases, the
number of deployed attentional spotlights increases as well. Each
spotlight deployed is thought to enhance processing of the target
location and suppress regions outside of the target (Muller et al.,
2005). This enhances the ‘‘contrast’’ between targets and distrac-
tors, and optimizes the spatial resolution of attention. Shim,
Alvarez, and Jiang (2008) proposed that when the number of
tracked targets increases, the spatial separation between targets
decreases, and one target can fall inside the suppression zone of
another. This reduces the attentional contrast between targets
Fig. 7. The BOLD signal change increased with increasing attentional load in SPL (a) and in pIPS (c), but not in V1 (e). No group differences were found as a function of time in
any of the three ROIs (a, c and e).
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to spatial overlap.
The spatial resolution of attention on static tasks is known to be
coarser with amblyopic eye viewing (Sharma, Levi, & Klein, 2000).
This could result in larger enhancement and suppression zones in
a multiple-object tracking task. For a particular number of tracked
items, the effective target-to-target distance would be smaller for
the participants with amblyopia, making target individuation more
difﬁcult relative to control subjects. Thus a spatial attention deﬁcit
could be responsible for the multiple-object tracking deﬁcit with
amblyopic eye viewing. This cannot explain the deﬁcit we
observed with fellow eye viewing, and most previous studies on
attention in amblyopia found stronger deﬁcits in the amblyopic
eye (Asper, Crewther, & Crewther, 2003; Popple & Levi, 2008;
Sharma, Levi, & Klein, 2000; Tripathy & Levi, 2008). It is difﬁcult,
however, to determine the separate contribution of general motion
and attention processes based on the psychophysical ﬁndings alone.4.3. fMRI ﬁndings
The greatest difference in BOLD signal change between the two
groups was found in MT+. BOLD signal change was signiﬁcantly
lower in the amblyopic group for either eye relative to controls,
in both the passive viewing and the three tracking conditions.
Although the group differences in MT+ activation may be related
to the group psychophysical performance differences, the fact that
there were robust group differences even during passive viewing
suggests that task speciﬁc deﬁcits are not the whole story. Rather,
in MT+, the deﬁcit seems to be a more general issue of motion pro-
cessing regardless of whether or not a tracking task is performed.
In aIPS and FEF, BOLD signal change was signiﬁcantly lower for
amblyopic eye viewing relative to controls, but only for tracking 4
balls. The BOLD signal change was similar to controls for fellow eye
viewing across all conditions in both regions. This pattern of differ-
ences cannot be solely attributable to psychophysical performance
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track 1 and track 2 condition, and both amblyopic and fellow eye
viewing would be deﬁcient. Moreover, because the activation def-
icits in these two areas are strikingly different than those in MT+, it
seems their activation is reﬂecting not a general motion processing
deﬁcit, but a deﬁcit speciﬁc to the high-load condition.
No signiﬁcant group differences were found in pIPS, SPL or
putative V1.
4.3.1. Task-dependent versus load-dependent regions
All regions of interest, except for V1, showed a main effect of
target numerosity, which matched the proﬁles of activation re-
ported previously (Culham et al., 1998; Jovicich et al., 2001). In
agreement with both previous studies, post-hoc tests of the target
numerosity effect revealed that activation in aIPS was load-depen-
dent, with activation increasing with increasing target numerosity
(Fig. 6b). Activation in FEF and SPL was task-dependent, with acti-
vation constant across the three tracking conditions (Figs. 6d and
7b). Note that although the means for tracking four balls appear
to be identical for aIPS (Fig. 6b) and FEF (Fig. 6d), a larger error var-
iance for FEF contributed to the statistical interpretation of FEF as a
task-dependent region, and aIPS as a load-dependent region. The
pIPS has previously been reported to show load-dependent activa-
tion (Culham et al., 1998) or task-dependent activation (Jovicich
et al., 2001). Our data show task-dependent activation (Fig. 7d),
but the BOLD signal change values are lower than in previous stud-
ies. This may be due to our use of a smaller pIPS ROI that did not
include V3a, which sits posterior and ventral to the transverse
occipital sulcus (Tootell, Tsao, & Vanduffel, 2003). Both previous
studies found weak load-dependent activation in MT+. The BOLD
signal change in MT+ in our study was task-dependent. There
was no statistically signiﬁcant increase in activation with atten-
tional load, although on visual inspection the results could be
interpreted this way (Fig. 5). In summary, only aIPS was load-
dependent according to our current deﬁnition.
4.3.2. Activational differences
The evidence gathered in this study further supports abnormal
function of MT+ on motion perception tasks in human amblyopia.
Previously, Bonhomme et al. (2006) found MT+ was less active
with amblyopic eye viewing relative to the fellow eye, during the
passive viewing of expanding and contracting rings. As their study
only examined inter-eye differences, it is not known if activation
during fellow-eye viewing was normal. Recently, Ho and Giaschi
(2009) found reduced activation in a network of regions, including
MT+ during the viewing of low-level and high-level random-dot
kinematograms. In that study, activation was reduced relative to
controls with both amblyopic and fellow eye viewing, in agree-
ment with the current ﬁndings.
In the multiple-object tracking functional connectivity model
proposed by Howe et al. (2009), the aIPS is at the core, and respon-
sible for tracking targets when they move. Although small differ-
ences were found in the aIPS with amblyopic eye viewing, the
results obtained suggest that MT+, proposed to be responsible for
updating target location, is strongly implicated in the multiple-ob-
ject tracking deﬁcit in human amblyopia. Activational differences
in MT+ were present in all conditions and were more evident as
tracking time increased. Based on this model, the signiﬁcantly low-
er activation in FEF amblyopic eye viewing when tracking 4 balls
may be due to the difﬁculty suppressing eye movements when
multiple targets were tracked. Unlike aIPS and FEF, no signiﬁcant
eye interactions were found in pIPS, proposed to be responsible
for indexing the location of target items, or in SPL, implicated in
the planning of eye movements. There are likely anatomical/func-
tional interconnections between aIPS and FEF and the adjacent
dorsal premotor cortex (PMd). For example, human resting stateconnectivity studies have found strong correlations between aIPS
and both FEF and PMd (Mars et al., 2011). These connections
may be ones that subserve not only visuomotor functions (like sac-
cades and hand actions) but also, at least in the human brain, are
utilized for cognitive functions such as attentive tracking, which
has similar capacity limits to motor functions (Gallivan et al.,
2011).
The levelling off of activation in MT+ after 6 s is intriguing, con-
sidering the hemodynamic response function predicted a linear in-
crease in BOLD signal change from 0 to 12 s. BOLD signal change in
the control group, but not in the amblyopia group, ﬁt this hemody-
namic prediction. The amplitude of the BOLD signal is thought to
reﬂect the summation of excitatory and inhibitory post-synaptic
potentials into a brain region (Logothetis, 2002, 2003; Logothetis
& Wandell, 2004), and/or the synaptic activity between neurons.
The decreased BOLD response in MT+ in amblyopia may provide
support for several of the theories about the neural deﬁcit in
amblyopia. Miswiring of neural connections (Hess, Field, & Watt,
1990, chap. 25; Kiorpes & McKee, 1999), undersampling due to
fewer functional neurons (Kiorpes & Movshon, 1998; Levi, 1991)
or decreased neuronal synchronization (Roelfsema et al., 1994)
could all contribute to the abnormal hemodynamic response func-
tion. The levelling off of the BOLD signal is unlikely to be a down-
stream effect from V1 because no differences were found there.
Involvement of both fellow and amblyopic eyes implicates extras-
triate regions with more binocular neurons, such as MT+. The delay
in the appearance of the group difference might implicate abnor-
mal feedback from downstream cortical regions, such as those in-
volved in the attentional modulation of MT+ observed in other
studies (Huk, Ress, & Heeger, 2001).
According to Cavanagh’s model (1991, 1992), the low-level mo-
tion system detects motion via Reichardt-like motion-detectors
tuned to temporal changes in luminance at two different locations.
This system should be involved during passive-viewing and during
tracking in the current paradigm (Battelli et al., 2001; Ho et al.,
2006). When attention is engaged during tracking of 1, 2 or 4 tar-
gets in the current paradigm, the high-level motion system should
also be involved. The lower BOLD signal change in MT+ in the
amblyopia group relative to the control group in both passive
viewing and tracking conditions suggests deﬁcits with the low-le-
vel motion system in amblyopia. This is in agreement with Bonho-
mme et al. (2006), who found this region to be less active during
the passive viewing of moving stimuli in their study. This low-level
motion deﬁcit was similar with amblyopic or fellow eye viewing.
Our group difference in activation in MT+ was constant across all
four conditions, thus providing little evidence for a load-dependent
deﬁcit in the high-level motion system. Nevertheless, in the cur-
rent study, the lower BOLD signal change in aIPS and FEF for track-
ing 4 balls suggests some dysfunction with the high-level motion
system as well, although this was only evident with amblyopic
eye viewing.
Functional differences in aIPS are much smaller than functional
differences in MT+ in amblyopia. Given that we also obtained a
load-dependent response in aIPS consistent with previous reports
(Culham, Cavanagh, & Kanwisher, 2001; Jovicich et al., 2001), it is
unlikely that the small group difference observed in this study
was due to the way the ROI was deﬁned.
4.4. Clinical Implications
The mainstay of treatment for amblyopia is occlusion therapy,
which consists of covering the fellow eye with an opaque eye patch
so that the amblyopic eye might regain visual acuity. Therapy is of-
ten considered successful if visual acuity in the amblyopic eye im-
proves by 2 or 3 lines on a Snellen chart (Stewart, Moseley, &
Fielder, 2003). All of the patients in this study had completed
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the amblyopic eye. Still, all patients were impaired on the multi-
ple-object tracking task. This result is consistent with previous
studies demonstrating that some amblyopic deﬁcits are resistant
to occlusion therapy (Chatzistefanou et al., 2005; Constantinescu
et al., 2005; Giaschi et al., 1992; Ho et al., 2005). There are also
numerous reports that perceptual learning may be beneﬁcial as
part of the clinical treatment in amblyopia (reviewed in Levi & Li,
2009). Although most of these perceptual learning studies have
investigated improvements in aspects of spatial vision, it is possi-
ble that similar improvements might be possible with tasks involv-
ing motion such as multiple-object tracking.4.5. General conclusions
MT+ was found to be less active in the amblyopic group relative
to controls across all conditions and with viewing through either
eye. This suggests dysfunction of the low-level motion system dur-
ing multiple-object tracking. Subtle activation differences impli-
cating deﬁcits of the high-level motion system were found in
aIPS and FEF, but with amblyopic eye viewing only. There is now
considerable evidence suggesting that the vision of the fellow
eye is not normal, even though its visual acuity is normal (Giaschi
et al., 1992; Ho et al., 2005, 2006; Simmers et al., 2003). The
current study conﬁrms that binocular regions of motion-sensitive
cortex form part of the neural substrate for these deﬁcits with fel-
low-eye viewing. The lack of a high-level deﬁcit with fellow-eye
viewing is surprising, given our previous results (Ho & Giaschi,
2009), and requires further investigation.Acknowledgments
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